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*(leoAbstract

The results of an experimental study of elecirical conductivity

/I[and thermopower in doped polyacetylene are reported. Included are

measurements on both as-gro and partially oriented films doped with

iodine and AsP; (CH(AsFs4 and CHU ).4.I where y covers the full

doping range. The data indicate three important concentration regimes;

the dilute limit (y < 0. 001), the transitional region (0.001 < y < 0. 01).

and the metallic state (y > 0.0 1). I the dilute limit, the transport is via

carrier hopping; the mobility is srall (- 5 x 10 5 cm /V-sec) and

activated (AC = 0. 3 eV). This local zed state hopping is consistent with

the proposed soliton doping mechani m. The semiconductor to metal

transition is evident in the data and le ds to a qualitative change in

Work supported by the Office of Naval Research and the University of

Pennsylvania Materials Research Laboratory (NSF-DMR 76-80994).



I Feak
temperature dependence of the conductivity and to finite zero temperature

values above yc " 0. 01 - 0. 02. The transport mobility increases by five

to six orders of magnitude on going through the transitional region. In

the.metallic state, the high mobility (- 60 cm a /V-sec, assuming unit

charge transfer) provides evidence of the validity of a band theory approach

with delocalized states in this disordered polymer. The transport in the

metallic state is described as metallic strands separated by thin potential

barriers. The main effect of orientation appears to be to alter the

barriers. In particular, use of oriented cis-(CH)x starting material leads

to significant improvement in conductivity due to smaller barrier widths

o and lo'wer barrier heights. Analysis of the temperature dependence of the

conductivity within this model leads to an estimate of the intrinsic con-

ductivity in heavily doped metallic [CH(AsF.) y ) x , a 4 x l0 -- -cm 1i

at room temperature.



1

1. INTRODUCTION-

Linear polyacetylene, (CH)x, is the simplest conjugated organic

polymer and is therefore of special fundamental importance. Interest in this

serniconducting polymer has been stimulated by the successful demon-

stration of doping with associated control of electrical properties over

a wide range; the electrical conductivity of films of (CH)x can be varied

over'12 orders of magnitude from that of an insulator'(o - 10-9 0 1 cm'- )

1,2
through semiconductor to a metal (a - 13 f' cm "I ). Various electron

donating or accepting molecules can be used to yield n-type or p-type
3,4

material, and compensation and junction formation have been demonstrated.

5,6o Optical-absorption studies indicate a semiconductor with

peak absorption coefficient of about 3x10 5 cm "' at 1. 9 eV. Partial

orientation of the polymer fibrils by stretch elongation of the (CH)X films

7 6
results in anisotropic electrical and optical properties suggestive of a

8
highly anisotropic band structure. The electrical conductivity of partially

oriented metallic C CH(AsFs )o. 1 Ix is in excess of 2000 fl-I cm-.

The qualitative change in electrical and optical properties at

2
dopant concentrations above a few percent have been interpreted as a

semiconductor-metal transition by analogy to that observed in* studies

of heavily doped silicon. However, the anomalously small Curie-law

susceptibility components in the lightly doped sermiconductor regime

O suggest that the localized states induced by doping below the semiconductor-

metal transition are nonmagnetic. These observations coupled with electron
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spin resonance studies of neutral defects in the undoped polymer have

12,13
resulted in the concept of soliton doping; i.e. localized domain-wall-like

charged donor-acceptor states induced through charge transfer doping.

The initial results obtained on conducting polymers have generated

interest from the point of view of potentially low -cost solar energy con-

version. Experiments utilizing polyacetylene, (CH)x, successfully
3,4,14

demonstrated rectifying junction formation. In particular a p-(CH),:n-ZnS

heterojunction solar cell has been fabricated with open circuit photovoltage
4

of 0. 8 Volts. In related experiments, a photoelectrochemical photovoltaic

15
cell was fabricated using (CH)x as the active photoelectrode.

In this paper-we present the results of a detailed experimental

study of the electrical transport, conductivity (o) and thermoelectric

power (S), in (CH), doped with AsF 6 and iodine. The experimental results

cover the full concentration (y) range from undoped to metallic on both

partially oriented and as-grown films. The experimental techniques,

including sample preparation, doping and measurement of o(T, y) and

S(T,y), are described in Section U. The results are presented in

Section ill and analyzed in Section IV in terms of, transport in the three

concentration regimes: metallic, semiconductor-metal (SM) transition,

and lightly doped semiconductor. A summary and conclusion are given

in Section V.
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II. EXPERIMENTAL TECHNIQUES

a) Samples

Crystalline films of polyacetylene were grown in the presence of a

Ziegler catalyst using techniques similar to those developed by Shirakawa

16-20
et al. X-ray diffraction and scanning electron micrograph studies show that

the as-grown films, both cis and trans, are polycrystalline and consist of

16-20
matted fibrils which are typically 200 k in diameter. Recent electron

22
microscopy studies of thin (CH)x films polymerized directly on an electron-

microscope grid have shown that the fibrillar structure is the nascent
16-20,21

morphology. The measured density of the as-grown film is ca. 0. 4gm/cen3

compared with 1.2 gm/cm3 as obtained by flotation techniques, indicating

that the volume filling fraction, f, of fibrils is approximately 1/3.
15-19

The cis-trans content was controlled by thermal isomerization.

Samples used in these studies were films (typical thickness 0. 1 mm)

taken from the side wall of the reactor. All measurements were carried out

on either ,-901/6 cis (synthesized at -78C) or 950- 980 trans (after thermal

isomerization for 2 hrs at 2000C). The cis-trans content was monitored by

16-20
examination of infrared spectra. Care was taken to achieve pure (CH)x

starting material through extensive washing to remove all catalyst, with

subsequent storage and handling either in vacuum or in Inert atmosphere to

minimize oxygen content. Chemical analysis of typical cis and trans (CH)x

indicate analytical purity.

Films used had elemental analyses in the range:
C = 90.91%. H = 7.91%1 (total 98.82%) to
C = 91. 80% , H = 7.99% (total 99. 79%);

calculated values for (CH),: C 92.26%; H 7. 74%. "



21.23
Partially aligned, films were obtained by mechanical stretching.

It was found that when cis-films of polyacetylene were extended in an inert

(argon) atmosphere, ultimate extension ratios as high as 3. 3 were obtained;

subsequent thermal isomerization under stress resulted in 1/1o ~ 4 where

A. and £ are the initial and final lengths of the film. Oriented films used

in this study had 1/1 3. Details on the stretch orientation and the tensile
0

21
properties of (CH)x are reported elsewhere.

b) Doping

Doping was carried out by exposing the (CH)x films to vapor of
1-4,24

iodine or AsF s . In the case of the iodine doping, the vapor was carried by

*a flow of dry N2 gas; the dry nitrogen was first passed through a vessel

containing iodine crystals at room temperature and then the gas was flowed

over the (CH), films to be doped. Doping rates could be varied by con-

trolling the temperature (and vapor pressure) of the iodine as well as

controlling the flow rate (typically 0. 1 cubic feet per hour). Slow, controlled

doping with As? was achieved by cooling the AsF with a slush bath to
5

ca. -1000C to reduce its vapor pressure. The AsF s doping was carried

out in stages. In the initial stage, the sample was exposed to ! 0. 5 torr

of As?. This pressure was subsequently increased in stages. The final

pressure used was dependent on the desired dopant concentration; for

heavily doped metallic (CH(As? )FJ, y 0. 1, the final pressure was

approximately 5 torr.

........... --I -'nu -- . i
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Specific concentrations were achieved by monitoring the conductivity

of the sample (or a reference sample in the container) and comparing it with

the previously calibrated curve of conductivity (room temperature) vs.

concentration. The doping process was stopped when the conductivity

reached the desired value. The dopant concentration was determined by

weight uptake; concentrations have previously been verified by chemical
I

analysis. Samples were pumped for about 1-2 hrs under dynamic vacuum

after doping, with no observable change in conductivity.

The uniformity of the doping on the microscopic scale has been

25studied by a variety of techniques. In the case of iodine, X-ray studies,

26
variation of the proton nuclear magnetic resonance (nmr) second moment,

27
and photoemission results are consistent and imply essentially uniform

28doping throughout the polymer fibrils. For AsF 5 , photoemission results

imply non-uniformity at high concentrations with a higher concentration

near the surface of the fibrils. At AsF concentrations below 1%, the

28
photoemission data indicate penetration of the dopant into the bulk of the

fibrils.

In general, doping the ci.s isomer appears to give consistently

higher conductivity values (about two to five times greater) than the trans

isomer even though the trans isomer has a higher room temperature

conductivity (- 2 x 10'-6O I1 cm-V) than the cis-isomer (- 2 x iO'SOI -cm "1).
29 30 nd 26

Optical absorption, thermopower, and nmr 2- moment studies indicate
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that cis-trans isomerization takes place during iodine doping. Thus, the

same final product is obtained from both isomers when they are heavily

doped, and that product is primarily trans-(CH),. It is not yet clear to

what extent AsF. doping induces similar isomerization. The higher con-

.ductivities obtained with cis starting material suggest that the doping induced

isomerization leads to higher quality trans material than thermal isomeri-

zation with subsequent doping.

c) Electrical Conductivity Measurements

All. conductivity measurements utilized four-probe techniques.

The values given were obtained directly from the measured resistance

and the measured sample dimensions. No corrections have been made

Ifor the low density associated with the fibrillar structure of the (CH), films.

Due to the chemical activity of iodine and AsF., the sample holders

were made with glass frames and utilized platinum leads; Electrodag was

used- to make the electrical contacts onto the polymer samples. Typically,

the contacts were applied in air with exposure time kept to a minimum; the

mounted samples were pumped in vacuum for 2-3 hours until the contacts

were dry. The effect of the solvent in the Electrodag paint was checked

by applying the contacts before and after doping. The metallic conductivity

of samples mounted before doping was typically 50% higher than that of the

samples whose contacts were applied after the samples were doped. In *

addition to Electrodag, gold evaporated contacts and mechanical (pressed)

contacts have been tried. The various contacts yield conductivity data
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which are consistent and.without significant differences. The effects of

31
different contacts have also been studied by Kwak et al. The conductivity

data presented in this paper were obtained from samples mounted before

doping, unless otherwise stated. Contacts were checked to be ohmic for

currents from 10 "1° - 10-s amps for undoped (CH) and from 10-6 - 10-3 amps

for metallic samples.

To check the effect of the air exposure on the undoped (CH)X, an

on-line experiment was set up to monitor conductivity vs. time. Samples

were mounted in a glove bag under argon atmosphere. In the first three

hours of air exposure, the conductivity of cis-(CH) x increased by one order

of magnitude while that of trans-(CH)x increased by only about a factor of three.

Upon pumping out the air, the conductivity returned to its initial value.

Such reversibility was also observed earlier in electron spin resonance

10
experiments. Air exposure of heavily doped metallic samples for 2 hours

resulted in a 40% and 20% decrL ise, respectively, for [CH(AsF) and

[CH(3 )y~x Studies of the effect of oxygen on metallic (CHQ(3 )yx samples

showed a decrease in conductivity of about 10% in the first four hours.

In an initial attempt to stabilize the samples after doping, paraffin

wax coatings were applied. Conductivity measurements of uncoated and wax

coated metallic CCH()ylx were carried out on samples doped at the same

time and under identical conditions. The conductivity of the wax coated

o sample decreased only 10% after 12 hours, whereas the conductivity of the

uncoated sample fell by a factor of five during the same period.
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Similar tests were carried out in connection with the temperature

dependence measurements. The temperature dependence exhibited by

doped samples obtained from the bottom of the reactor was not significantly

different from that obtained from samples extracted from the side walls.

Using.cis samples of either origin, metallic AsF -doped (CH) showed a

slight increase in conductivity (a few per cent) below room temperature as

32
noted previously. Samples mounted after doping, or samples re-painted

with solvent containing Electrodag, showed a monotonic decrease in con-

ductivity with decreasing temperature. Exposure to air had similar effects;

the weak maximum reduced in magnitude and shifted toward higher temperature

before disappearing after - 30 minutes exposure. The wax coated samples

showed similar temperature dependences to those of the uncoated ones.

d) Thermopower Measurements

A rectangular sample (3mm x 25mm) was cut from the polymer

film and mounted lengthwise between two copper blocks using pressure

contacts. The temperature difference (AT) was established by heating

one of the copper blocks and the voltage (generated by the thermal gradient

across the sample) was measured. Typically AT - 2K was used during

each measurement, so that the thermopower is an average over this

interval. The measurement of AT across the sample utilized a copper-

constantan differential thermocouple. The thermodynamically stable

0-
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* trans-(CH)x was used in all the thermopower measurements. The iodine

and AsF5 concentrations in the doped samples were determined as described

above. Reproducibility for independently prepared samples was about - 10%

.at the lightest doping levels and better than : 5% in the metallic regime.

Due to the extremely rapid increase of the conductivity at low dopant levels,

the uncertainty in y was 1 0. 001 for concentrations below y 0.01 (0 mole 5).

-Even at the highest dopant levels, the accuracy in y was always better than

0 0. 005.

III. -EXPERIMENTAL RESULTS

a) Thermopower

The room temperature results, S vs log y for trans-[CH(3 )yx

are shown in Fig. 1. The sign of S is positive throughout the entire con-

centration range indicating p-type behavior consistent with charge transfer

doping to the iodine acceptor and the formation of I%-. The semiconductor-

metal transition is clearly evident in Fig. 1. Note that S is relatively

insensitive to the dopant concentration up to approximately y = 0. 001. For

the undoped trans-(CH) x , S = (900 :k 50) PV/K and then decreases slightly

to S = (750 * 50) PV/K at y = 0. 001. Figure 1 shows the earlier

data 3 0 in more detail with additional points in the transitional region.

30
As shown in our previous paper, within the measurement accuracy, the

thermopower is independent of temperature in the lightly doped regime

(y 1 0.001). At concentrations above the SM transition, S decreases with

30.
decreasing temperature.
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0 The thermopower in the metallic limit is shown in Fig. 2, including

the results for both unoriented cis-CI-I(AsF s }.47 ) x and partially oriented

trans-[ CH(AsF6).o,,)xwith L/1 = 3.2. Any variation between oriented

and unoriented samples is comparable to the variations observed from

sample to sample (indicated by error bars on Fig. 2). No qualitative

difference and no significant anisotropy are observed; S(T) is essentially

the same for oriented and as-grown samples. This is consistent with

expectations. Since thermoelectric power is a zero-current transport

coefficient, interfibril contacts should be unimportant allowing an evaluation

of the intrinsic metallic properties. The magnitude and temperature-

dependence of S (Fig. 2) are characteristic of a degenerate electron gas

0 30,31
and are indicative of intrinsic metallic behavior.

For dilute concentrations well below the semiconductor-metal

transition the therrapower is large and essentially temperature independent.

Such behavior can be understood for a dilute concentration of carriers

(holes) which hop among a set of localized states. In this case, where the

kinetic energy of the carriers is negligible, the thermopower is given by

33, 34
the Heikes formula

k
S = B 1n[(-P/P (1)

where P = n/N is the ratio of the number of holes (n) to the number of

available sites (N) (eq. I assumes spinless carriers; the inclusion of spin

34
degeneracy changes the expression to S +(k /Ie)1n(Z-p)/p). Identification

B--
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with the experimental data for undoped trans-(CH)X requires that p zw 10-4

and temperature independent. This value corresponds to a carrier concen-

tration of 2 x 101-a cm-3 in "undoped" (GH) x and is consistent with the results

35
of capacitance vs voltage studies of p-(CH)X: n-CdS heterojunctions using CdS

with known carrier concentration. The results therefore imply that in the

undoped polymer, the conductivity is due to a small number of residual carriers

(Po 10-4) provided by defects and/or impurities, and that the mobility results

from hopping. The insensitivity of the thermopower to iodine concentrations

less than 0. 1 mole% (or 0. 1%1") is consistent with this interpretation and
3

implies that po is well below 10 '. From eq. 1, the thermopower at

y = 10 should be 0. 75 of that at y 10 -4 ; consistent with Fig. I to within

the combined uncertainty in y and p.

b) Conductivity

By careful control of thedopant concentration, any specified conduc-

tivity can be obtained covering the range from 0 = 2 x 10-9 (2- -cm -1 to

a > 10' C "- -cm "7 using cis-(CH) x starting material. Higher metallic values,

>0> 3000 "IL -cm 1t , were obtained using cis starting material, stretch-

oriented (L/Lo = 3. 1) and then doped with AsF s . Since exposure of undoped

(CH) to ammonia vapor2 decreases a to values below 10 "10 O "1 -cm , the

accessible range covers more than thirteen orders of magnitude.

The temperature dependences of AsF. -doped (CH)X, both as-grown,

and stretch-oriented are shown in Fig. 3, for a variety of dopant concen-

trations. The temperature range covered by the measurements depended

on the resistance of the sample; for the highest conductivity sample, data

were obtained over the entire range from 300 to 1. 8 K. The curvature
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12
35

seen in log a vs I/T was noted earlier for halogen dopants. This curvature

may arise fromdisorder, for example, leading to a distribution of activation

36
energies. Alternatively variable range hopping may play a role at low

temperatures. Taking the initial slope of the log a vs li/T plots, we obtain

the activation energy, AE, which serves as a simple index of the conduc-

tivity behavior. The results are presented in Fig. 4 where data from

AsF.-doped samples and iodine doped samples are plotted versus concen-

tration on a logarithmic scaie. Note that the iodine doped samples are

37
formulated as [CH()yl )since the " ion is known to be present. Using

this formulation the data from the two dopants are in good agreement,

although the AsF doped samples give consistently lower activation energies

above y = 0. 01 consistent with the higher metallic conductivity. The

activation energy of the undoped trans-(CH)x is AE (.3 k .03) eV. AE is

relatively insensitive to the dopant concentration up to y = 0. 001, and then

decreases rapidly through the SM transition. Above y = 0.01 (1 mole %)

AE is small and nearly independent of the concentration; the conductivity

is no longer activated in heavily doped (CH) .

The room temperature values from Fig. 3 are replotted as a vs y in

Fig. 5. The value y = 10 - 4 for undoped (CH). was determined from the

34 .

magnitude of the thermopower, as described above; the point at y = 0. 003

was determined by weight uptake. In the dilute concentration regime, a

Oincreases approximately in proportion to the dopant concentration, so that
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the mobility is independent of y. Note that in this dilute regime, the

activation energy (Fig. 4) is also insensitive to the dopant.concentration.

Figures 4 and 5, together with the temperature independence of the. thermo-

30
power, imply that in the dilute regime the transport is via carrier hopping;

the conductivity results from a temperature independent carrier concentration

38
(proportional to y) and an activated mobility.'

The temperature dependence of the conductivity in the metallic

high concentration limit is shown more clearly in Figure 6, where 0/ RT

vs. T is plotted in a linear scale. The room temperature conductivity

value's for these partially oriented films were measured independently by.

39o simple four-probe and by Montgomery techniques. The results, com-

pared in Table 1, are in general agreement. For heavily doped metallic

[CH(AsF-) 0. 4 Ix (oriented with 1/1 = 3. 1), the conductivity first increases

7,31
on cooling below room temperature, goes through at maximum at 220 K,

then decreases and becomes constant below 5 K with o(0)/a(300 K) = 0.66.

The conductivity maximum near room temperature varies from sample to

sample, but in general cis-(CH) starting material leads to a larger
___ x

maximum than trans-(CH) x . Also shown in Fig. 6 are the results for

[CH(1) s) (tL °I = 3. 1). The conductivity decreases monotonicaliy and3 sx 0

appears to be going to zero as T- 0. The low temperature data from

these samples are shown in more detail in Fig. 7 where we plot the

o normalized conductivity (log scale) vs I/T. For the metallic CH(AsF ) x
31

the conductivity at low temperatures approaches the constant value.
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a(0) " 800 O -'cm_ 1 . For the iodine doped [CH( )o.O ,Ix' the low temper-

ature conductivity continues to be activated, even though the room temper-

ature value is comparable to that of the AsF 5 doped sample.

Considering the matted fibril structure of polyacetylene the

temperature independence of the conductivity (see Fig. 7) suggests a

tunneling mechanism through the interfibril contact barriers in addition

to the thermally activated charge transfer over the barriers located between

large metallic conducting fibers. The residual activation for heavily doped

ECH(I ) is not understood. However, this may indicate that even the heavily
*yx

iodine doped samples are only just on the verge of metallic behavior.

The temperature dependence of the conductivity of trans-CCH(AsF. )

samples, both partially oriented with elongation ratio 1/1o = 2. 8 and

unoriented, are shown in Fig. 8. The two samples were prepared from the

same starting material and were doped simultaneously. The temperature

dependences of the normalized conductivities are similar although the room

temperature values varied considerably (for /L1o = 2. 8, aYI = 1400 n-I -cm- 1

and = 280 -I.cm-I; for 9/1o = 1, a= o 240 fl " -c m - I ). Furthermore,

at low temperatures all four samples approach nearly temperature inde-

pendent behavior as shown in Fig. 9. The low temperature normalized

values are somewhat higher in the oriented samples. These results

indicate that the role of the Interfibril contact barriers are similar in

each direction, and that the barrier height and/or widths are slightly
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smaller for the partially oriented films. The temperature dependence of

a for a partially oriented film (1/f. ~ 3) which has been exposed to the air

during the isomerization under stress, flattens more slowly resulting in

G(1. 8 K)/(300 K) = 10 . . Combined with the observation of decreasing

tensile strength after air exposure, this result suggests that the cross

linking induced by the air exposure makes the interfibril contact barriers

effectively larger.

Although the temperature dependences of the normalized conduc-

tivities are the same, the room temperature conductivity in the parallel

and transverse direction of the partially aligned films are different about

factor of'five for the 1/t = 2. 8 sample of Figs. 8 and 9. Since the

interfibril contact barriers are same in either direction, the large

difference in absolute magnitude is evidently due primarily to the difference

in total number of chains in the respective directions. Since the films are

not perfectly oriented, there are chains going along the transverse direction

in the partially oriented films. Thus, more complete orientation can be

expected to yield larger values for all and for the anisotropy o/o . In

this context, the thermopower data of Fig. 2 are readily understood. Even

in the tr.ansverse direction a dominates the transport so that S is deter-
40

mined by SI. Determination of S will require nearly complete orientation.

The temperature dependences of the normalized conductivity of

trans-[CH(AsF6)y x films are shown in Fig. 10 with values of y spanning

the SM transition. The films were partially oriented to minimize interfibril
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ho 16
contact effects. A qualitative change in behavior is observed at the SM

transition (y = yc). At low concentrations the curves appear thermally

activated and 0 0 as T-- 0. Above yc, the curvature changes and the

conductivity remains finite as T - 0. The low temperature normalized

conductivity appears to be an excellent indicator of the SM transition in

AsF doped (CH) as shown in Fig. 11. From Fig. II we infer y ' 0. 01-. 02.

Note that, as described above, for the iodine doped samples it appears

that a - 0 as T 0 even at the highest doping levels. Thus, either the

interfibril barrier effects are significantly more important or the metallic

state is not truly achieved even at the highest doping levels.

IV. DISCUSSION

* a) Semiconductor-Metal Transition; Mobility

* The transition from semiconductor to metal is most clearly evident

in the normalized conductivity data of Figs. 10 and 11 obtained from partially

oriented films. The qualitative change in temperature dependence and

finite zero temperature values above yC 0. 01-0. OZ are indicative of an

abrupt change in behavior as a function of dopant concentration. For

41
iodine doping the situation is somewhat less clear as noted by others and

described in Section Mb.

We note that the critical concentration, y'c for the SM transition.

as inferred from the conductivity data of Figs. 10 and 11, appears to be

9
somewhat below that inferred from the onset of Pauli susceptibility; from

' i.
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the conductivity data we infer 0. 01 < Yc < 0. 02, whereas the susceptibility

data suggest yc > 0. 02. Additional susceptibility studies are underway to

provide a more detailed and accurate description of the transitional reginme.

Direct measurements of the mobility (e. g. time of flight, etc.)
42

are not available. Although Hall effect data have been reported in the

metallic regime, the Hall coefficient is two orders of magnitude below

that expected on the basis of approximately one carrier per dopant and

may be dominated by the fibril structure of the composite medium. Some

important information on the transport mobility in the semiconductor and

metallic limits can be obtained directly from the conductivity.

In lightly doped trans-(CH)x, the mobility is activated as described

in Section IlIb with a room temperature value of 9z = /ne 5 x 10cm/V-secs

(see Fig. 12). For y > 0. 003, one finds a dramatic increase in ti. At

higher dopant levels (i. e. in the transitional regime) AE is changing so

that it is not possible to extract i from the conductivity.

In the metallic regime, e.g. CCH(AsF),.II x the number of carriers

can be estimated by assuming unit charge transfer per dopant or from the

29
oscillator strength as obtained from optical studies. The latter results

suggest that in the heavily doped metallic state all the n-electrons contribute

to the metallic transport; thus n(metal) 1- 2 x 1022 cm "L. Taking the intrinsic
dc

conductivity to be Ointrinsic ! 2 x 104 'cm-t as inferred from analysis0
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of the optical data, one obtains P(metal) 6 cm /V-sec. Note that

assuming that all Tr-electrons contribute requires that heavy doping removes

the bond-alternation leading to a uniform bond length polyene. Taking the

somewhat more conservative point of view of one carrier per dopant, the

corresponding value for [CH(AsF s ),. .)x would be n- 2 x 10 *1 with p i

60 cm=2 /V-sec. This latter value is plotted in Fig. 12 as characteristic of

the metallic state.

Although-there is considerable uncertainty in the absolute values

in both limits, the results nevertheless demonstrate a remarkable change

in mobility, five or six orders of magnitude, on going through the trans-

S itional region. This large increase in P represents perhaps the clearest

indication of a major change in electronic structure and/or transport

mechanism at the SM transition in doped polyacetylene.

b) Metallic State

The high mobility in the metallic state is unexpected in view of the

extensive disorder; the doped polymer is only partially crystalline and

contains -- 10116 charged impurities in random interchain positions. Given

7 6,29
the considerable evidence of one-dimensionality from transport, optical

43 44
and nmr studies, the effects of disorder would be expected to be particularly

large., e

The thermopower data in the high concentration limit provide

0 independent information on the metallic state and are consistent with

V
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30, 31

metallic behavior. For a nearly filled band (i. e. p-type) metallic system,

the thermopower can be written as

S T2 kB dLna(E) (2)
S +(-- 1-kTf dE EF

where o(E) = n(E)f e P(E) and n(E) is the number of carriers contributing

to o(E), dn(E)/dE = g(E) is the density of states (both signs of spin) and

PE) is the energy dependent mobility. Assuming energy independent

scattering (M(E) independent of E)

kB --
S =+ (T7 ) 7kBT T](F (3)BTT

where ?(EF) = g(EFJ/N is the density of states per carrier. As indicated

30, 31
in Fig. 2 and in earlier papers, S is a linear function of T for AsF -dopedS

metallic (CH) whereas for heavy iodine doping there is curvature in S vs T.

Nevertheless, in both cases, the thermopower decreases smoothly toward

zero as T -. 0 in a manner typical of metallic behavior even at temperatures

as low as 2 K. The experimental results (Fig. 2) are in good agreement

with eq. 3 with ri(E F ) = 1. 36 states per eV per carrier. Since there are

0. 15 carriers per carbon atom in [CH(AsF .isJ (assuming complete

charge transfer), the thermopower data yield for the density of states,

g(E F ) 0. 2 states per eV per C atom in good agreement with the value

9
obtained from magnetic susceptibility measurements.
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Although the conductivity is weakly activated below. 50 K and

becomes temperature independent at low temperatures, the thermopower

data imply intrinsic metallic behavior at all temperatures. We therefore

conclude that the dc transport is limited by interfibril contacts, and that

the heavily doped polymer can be described as consisting of metallic strands

29
separated by thin potential barriers. This is consistent with optical studies

which indicate that the intrinsic individual strand conductivity is much

higher than the dc value.

A model appropriate to a composite medium consisting of metallic

particles dispersed at high density in an insulating matrix was recently

45
developed by Sheng et al. Fluctuation induced tunneling through potential

barriers leads to the bulk dc conductivity at low temperatures with activation

over the barriers at highir temperatures. We identify the conducting aggregates

45
of Sheng et al. with the metallic fibrils and assume that the barriers are

45
due to interfibril contacts. Sheng et al. assume a parabolic barrier,

V = V -(4Vo/W)xF, where V0 and W are the barrier height and thickness,

respectively. We assume the cross sectional area, A, of the barriers is

typically equal to that of the polymer fibrils whose diameter is -- 200 A.

In terms of these parameters, the conductivity (a.) of the junction can be

expressed as

T

@(T) eT+T (4)

e -J o
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0 where

?AV 2

T 0 (5)
i TTea kBW

and

4h AV
T 0 )

T2e 2 mk B(2M)W 2

The parameters T and T are obtained experimentally from the slope and1 0.

intercept, respectively, of plots of [ n(ola )]- vs T as shown in Fig. 13.

The results are summarized in Table 2. Typical values for T and T are1 0

comparable and lead to barrier thickness of 10 - 20 A and barrier heights

of order 3 - 7 x 10- eV. The main effect of orientation appears to be the

alteration of the barrier parameters. For example, doping with oriented

cis-(CH)x starting material significantly reduces both the barrier thickness

and the barrier height. With this model, the dc conductivity in the metallic

state can be viewed as resulting from resistors in series. The metallic

strands are in series with the junctions, so that R = Ri(T) + R(T) where

R.(T) results from the doped metallic strands with an intrinsic metallic

conductivity, and R. is the junction resistance. Assuming Ri(T) = aTJ1

(near room temperature) and R. = R exp[T/T+ T o), the magnitude of

the conductivity maximum in the data of Figs. 6 and 10 implies that

R /R. < 10-1 at room temperature. We thereby obtain an estimate of the

intrinsic conductivity in heavily doped metallic CCIl(AsFs)y) x ,

C(300 K)" 4 x 104 0 ' -cm- 1 .



c) Light Doping, y < 0. 001

In this low concentration regime, the number of carriers is

proportional to the concentration of dopants, and the activation energy

remains constant. Moreover, the temperati t e independent thermopcwer

indicates a temperature independent carrier concentration implying that

the mobility is activated. We therefore conclude that in the dilute

regime

a = nePl (7)

where n is the number of carriers (equal to the number of dopants) and

the mobility is given by

-AE/kT0J =oe (8)

with AE = 0. 3 eV as indicated on Fig. 4. Such a small, thermally activated

mobility is unexpected in a broad bandwidth semiconductor like (CH)X.

Although one might suggest that the activated transport is limited by

disorder in'the polymer, the high conductivity and high mobility in the

metallic state argue to the contrary. One might argue that the observed

activation energy is the result of int .ibril contact resistance. However,

the activation energy is ins* ,tive to whether the polymer is taken as-grown

or stretch-oriented. (Note that the low temperature results in the metallic

regime show major changes in interfibrillar contact effects on orientation;

see Figs. 7, 8, and 9). Moreover, nearly identical results are obtained

0
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from low density foam-like material synthesized using a gel as an inter-

mediate step; whereas the fibril density is down by more than an order of

46magnitude, and the fibril diameter is three to five times larger.

The localized state hopping transport inferred from the thermopower

9,30,47
measurements below y = 0. 001 is qualitatively consistent with the proposed

soliton doping mechanism. Motion of the charged localized domain-walls

would be expected to be via diffusive hopping in agreement with the low

mobility inferred from Fig. 5 for y < 0. 001. Moreover, for a fixed impurity

concentration the number of charged kinks would be independent of

temperature in agreement with the temperature independent the rmopower

found in the dilute limit. Finally, although the domain-wall would be

distributed over a group of carbon atoms, the center of mass of the wall

could take any position along the chain so that the number of available sites

would be of order the number of carbon atoms in agreement with the

magnitude of the thermopower.

The formation of domain-walls, or solitons on long chain polyenes

12 13
has been studied theoretically by Rice and by Su, Schrieffer and Hleeger.

The electronic structure of the soliton exhibits a localized state

41o at the center of the gap , containing one electron for the neutral kink.

While this localized state is spin unpaired, the distorted valence band

continues to have spin zero. Thus, the neutral soliton has spin 1/2. The

static susceptibility therefore will contain a Curie law contribution and

can be used to count the number of neutral soliton defects present. Spin L41
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11 43
resonance linewidth and nmr relaxation studies have demonstrated mobile

spin species spread out over many lattice constants in agreement with

these ideas. The number of unpaired spins, typically one per 3000 carbon

atoms is comparable to the number of charge carriers in the undoped

polymer (- one per 10, 000 carbon atoms) inferred from the the rmopower.

Since the localized state occurs at the gap center, i. e. the chemical

potential, the relevance of the solitons to the doping of (CH) x depends on

the energy for creation of a soliton, Es, as compared with the energy
13

required for making an electron or a hole, -!Eg = A. Numerical estimates

indicate that soliton formation is energetically favorable, i. e. E < A.

48 s
Moreover, Takayama et al. have recently developed a continuum model

2in which they find E = -A; i. e. always less than A.S 1

From these observations we suggest that in the undoped trans-(CH)x,

a fraction of the isomerization induced defects has been ionized by residual

impurities to give the observed density (P - 10 - 4 ). Subsequent doping will

ionize more and/or create additional charged kinks.

In the case of diffusive hopping, the mobility is given by the

Einstein relation, P = eD/kT, where D is the diffusion constant. To obtain

an estimate of the diffusion constant we use the result of Wada and

49
Schrieffer (WS) for one-dimensional Brownian motion of domain-walls in

contact with thermal phonons

kBT s

0 D 0.51 6 ,u as ( (9)WS 0 MW 2 U2

0 0
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where M is the atomic (C-H) mass, u is the equilibrium amplitude of the

distortion and w0 is the attempt frequency. In the double-well Y4 theory

considered by VS, w0 is the harmonic vibration frequency for an atom

near the minimum of either well. In (CH) x, we may take u0 = K/M

is th sprig con 50 4
where K 10. 5 eV/., is the spring constant. Wada and Schrieffer 4 9

consider the interaction between neutral, free domain-walls and phonons.

At room temperature using M = 13 AMU, a 1.4 Iland u0 0.041 we

find DWS 2 x 10-2 cm 2 /sec (Ds/a' - 1014) in agreement with the

measured 4 3 diffusion constant of the neutral magnetic solitons in undoped

trans-(CH)x .

In the case of charged solitons one might argue that the hopping

attempt frequency is reduced by the Coulomb binding of the wall to the

acceptor ion and assume that

• .AE/kBT.
D(CH)X  Dwse B (10)

so that for lightly doped (CH)x

e -AE/kT
M(CH)x  BT DWS

2 B -tiE/k T
0.516 )W a 2 - 3 e B 011)
• kBT o Mw o Uo

r t0

~~For the charged soliton, with iE" 0. 3 eV, D(CH)" 2x10 "' at room
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temperature leading to a mobility of U 10-5 cm e /V-sec. Although

of the correct magnitude, such a picture would imply hopping between

impurity sites whereas the data indicate that the number of available sites

38
is much larger; i. e. comparable to the number of carbon atoms per unit

length on the chain. A detailed understanding of the diffusion (and'mobility)

of charged solitons is clearly lacking. However, we would anticipate that

the activation energy for motion of a charged soliton (on an otherwise
13

perfect chain) would be much greater than that of a neutral soliton.

Theoretical study of the charged soliton mobility is required for further

progress.

@The hopping mobility discussed above is appropriate to steady

state (dark) transport in the dilute limit. However, the transport mobility

appropriate to photogenerated carriers may be considerably higher. Since

a soliton-like distortion would be expected to form around a photogenerated

carrier only after a considerable time delay, the band mobility might be

appropriate. Particularly in junctions where the carriers are rapidly

swept out by the junction electric field, a mobility greater than or equal

to that found in the metallic state would be expected.

V. Summary and Conclusion

The transport data presented in this paper indicate three important

concentration regimes:

1) y < 0. 00); the dilute limit where carriers introduced by

doping act independently

2) 0. 001 < y < 0. 01; the transitional region
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3) y> 0.01, the metallic state.

From analysis of the data, we have been able to draw specific conclusions

relevant to these three regimes.

In the dilute limit, the transport is via carrier hopping; the

mobility is small (- 5 x 10-5 cm 2 IV-s) and activated (AE 0. 3 eV).

This localized state hopping transport is consistent with the proposed

soliton doping mechanism. Based on the soliton interpretation of the

steady state (dark) transport in the dilute limit, it was argued that the

mobility appropriate to photogenerated carriers may be considerably

higher; i. e. greater than or equal to that found in the metallic state.

The semiconductor-metal transition is evident in [ CH(AsF ))

and results in a qualitative change in temperature dependence of the

conductivity and finite zero temperature values above Yc 0. 01 - 0. 02.

For iodine doping the situation is somewhat less clear.

The transport mobility in [ECH(AsF s ) y increases dramatically

on going through the transitional iegion. This large increase (five to six

orders of magnitude) represents perhaps the clearest indication of a major

change in electronic structure and/or transport mechanism at the SM

transition.

The high mobility in the metallic state (- 60 cm s /V-sec assuming

complete charge transfer with one carrier per dopant molecule) provides

-strong evidence of the validity of a band theory approach with delocalized

states in this disordered metallic polymer. Even in this context the

I
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mobility is surprisingly large; the inferred values are comparable to the.

mobilities found in the best metals (e. g. for copper P - 50 cm2 /V-sec at

room temperature).

The metallic state is described as metallic strands separated by

thin potential barriers (typically W < 20 1 and V < I0-3 eV). Electron
0

transfer through the barriers is via tunneling at low temperatures, with

activation over the barriers at higher temperature. The main effect of

orientation appears to be to alter the properties of the barriers. In

particular, doping oriented cis-(CH)x starting material leads to significant

improvement in conductivity due to smaller barrier widths and lower

barrier heights. Analysis of the temperature dependence of the conductivity

within this model leads to an estimate of the intrinsic conductivity in heavily

doped metallic CCH(AsFs)y x , 0 4 x le Q-1 -cm "1 at room temperature.

These and related transport results must be viewed in the context

of the broad based experimental study of the chemical and physical prop-

erties of this new class of conducting polymers. The transport data provide

insight into many aspects of the problem. However, detailed understanding

of the doping mechanism, charge transport, electronic structure, and the

semiconductor to metal transition will require combined input including,

in particular, structural, optical and magnetic information.

o Acknowledgement: We thank S. C. Gau and A. Pron for help in sample

prepa ration.
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TABLE 1

Comparison of four-probe and Montgomery results for
a,, and cyL on oriented samples at room temperature.

'I

4-Probe Montgomery
ALl = 3. 1 (0- -cm' L ) (f(I -cm "1 )

cis-[CH(AsF ) t xi[ 2450 2350
1 - 377

is -CH. Ix O 1500 1620
a - 203

1800 2800trans-f CH(AsF ). I
10 J. 120 220



TABLE Z

Barrier parameters obtained from analysis of low tcmperature
data obtained with metallic ( CH(As F) y x

Sample L/1L T 2 T 0 () V0 (eV)

as ( 48.1 41.3 17 7.2 x 10"3 (eV)
ras-[H(A~s) !0 ] x  1.0

1 0 47.8 39.0 18 A 7.5 x 10 "

a11 35.0 37.3 16k S. 8x10
rans-4C(AsF5 ). io']x 2.8

t02 54.7 54.0 15k 7.2 x l0 "3

cis-CCH(AsF ).) 3.1 a 21.4 48.9 9.2 3. 5 x 10- 3

0~ S.14 x
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Figure Captions:

Figure 1: Thermopower (S) vs y for [CH( 3 ) y )x at room temperature.

Figure 2: Temperature dependence of the thermopower in heavily doped

metallic [CH(AsF ) yx

0 0 & [CH(AsFr) I)x: non-oriented

o o o [CHI(AsF 5 ) 0 3 ] x ;  oriented, LI/ 3.2

Figure 3: Conductivity vs -I- for[ CH(AsF )yI for values of y spanning
T y x

the full doping regime.

A A A oriented =arnole ( -to = 3. 1) y - 0.14

o o o non-oriented with y as indicated.

O Figure 4: Activation energy vs y for [CH(ASFy )x and [CH( )yIx.

o o o trans-[CH(AsFi)yIx; data obtained from Fig. 3.

. . trans-[CH(I 3 Y.; data obtained from ref. 35.

Figure 5: Room temperature conductivity vs y, in the dilute limit, for

[ CH(AsF) yx . The solid line has slope of unity indicating

that initially a is approximately proportional to y.

Figure 6: Temperature dependence of the normalized conductivity of

heavily doped metallic (CH) x

e (CH(AsF) 0 .1 4x; a RT = 2450 W" -cm 1

ooo CH(I)oslx ; aRT = 1500 0 -cm- 1

Both samples were made from oriented cis starting material

Q with t,/, 0 - 3. 1.



Figure 7: Low temperature conductivity of the metallic samples of

Figure 6.

Figure 8: Temperature dependence of normalized conductivity of metallic

trans-[ CH(AsF S )o. o Ix

+ aC; with / =2. 8 aI(RT) 1400 0-1 -cm "-

x with I A 02.8 a (RT) = 280 C-1-cm "-

* Oi, with f/1= 1 CY (RT) = 240 0-1 -cm -

o ar with A/I = 1 o (RT) = 230 Q-1 cm-1

-2" data marked a and for 1!10 I (unstrXt:',cd) represent

two independent samples cut at 900 from a non-oriented film.

Figure 9: Low temperature conductivity of the metallic sample of

Figure 8.

Figure 10: Normalized temperature dependence of trans- CH(AsF ) 1
sYx

for I/to = 3. 0.

A A A y=0

xxx y .0 04

a 0 y= 0.008

000 y0.03

+++ y= 0.10

Figure 11: Low temperature conductivity (normalized) vs concentration.

The onset of finite conductivity vs T 0 is indicative of the

semiconductor-metal transition



Figure 12: Transport mobility vs concentration (see text).

0 0 * trans -r CF(AsFs) YI

000 trans-[CH(l ) I
yx

Figure 13: -(mIcl/a RT - vs T; .this plot allows evaluation of the

junction barrier parameters (see text).
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that Initially a Is approximately proportional to y.
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